Aim To develop a reagent kit that enables multiplex polymerase chain reaction (PCR) amplification of 18 short tandem repeats (STR) and the canine sex-determining Zinc Finger marker.
Dogs (Canis familiaris) were domesticated in East Asia almost 15 000 years ago (1) . Since then, domestic dogs have been selectively bred to be outdoor working animals as well as household companions (2) . Seventy-two million pet dogs are estimated to live in the USA (3), and because many dog owners live in close proximity to their pets, canine DNA evidence may be associated with crimes. Shed dog hairs can be transferred among individuals involved in a crime and can link a suspect to a crime scene, a suspect to a victim, or a victim to a crime scene (4, 5) . Dog evidence can also be used in dog attack cases and abuse cases (6) .
Several studies have generated genotype and sequence information for multiple canine short tandem repeat (STR) markers (7) (8) (9) (10) (11) (12) , and more recently, various laboratories have multiplexed different canine STR markers for co-amplification in a single polymerase chain reaction (PCR). Initially, multiplexes usually contained from 3 to 10 primer pairs that required multiple amplifications to type 15 or more markers (4, 8, 13, 14) . Such protocols are very similar to that of the human DNA analyses Profiler and COfiler kits (Applied Biosystems, Foster City, CA, USA); a sample of forensic interest would be amplified by both kits in order to type all 13 Combined DNA Index System (CODIS) core loci. However, when a forensic sample is limited in quantity, it is much more efficient, as well as cost-and time-effective, to amplify all polymorphic markers of interest in a single multiplex PCR.
Similar to the human Identifiler® kit (Applied Biosystems) designed to co-amplify 15 human STR loci and the amelogenin locus (15) , a canine beta-version STR reagent kit was developed that enables amplification of 18 STR loci and the canine sex-linked Zinc Finger marker (16) . As a first evaluation of the proposed multiplex kit, similar developmental validation studies were carried out as described for validation of the Identifiler® kit (15) . The performance of the reagent kit is discussed in comparison with that of previous typing kits utilized for forensic casework, primarily Identifiler® (15) , Stockmark® Canine I and II panels (Applied Biosystems) (4), the Eichmann et al (13) canine multiplexes, and the Menotti-Raymond et al (17) "Meowplex. "
METHoDS
The canine STR reagent kit is manufactured by Finnzymes Oy (Espoo, Finland). All experiments reported in this study are on a pre-commercial "beta-test" version of the kit. Based on the findings reported herein, the manufacturer will make final modifications and improvements to the kit prior to its commercial release to the forensic science community.
The canine reagent kit contains 19 primer pairs and associated reagents to amplify 18 STR loci and one gender determination locus. The canine genome contains 38 matched pairs of autosomal chromosomes and 2 sex chromosomes. A larger number of loci than typically included in comparable panels, such as the 13 CODIS markers used for humans, was employed in anticipation that inbreeding in full-breed dogs would require a greater exclusion probability to achieve satisfactory effectiveness. Table 1 presents a list of these markers and information on repeat motifs, size ranges, map location, and the fluorescent dye tags attached to the 5' end of the forward primers, as they appear during laser excitation using filter set G5 (Applied Biosystems). A few markers are located on the same chromosome. The FH3377 and FH2107 loci are on chromosome 3; the FH2054 and PEZ05 loci are on chromosome 12; the FH2017 and FH2088 loci are on chromosome 15; and the PEZ16 and vWF.X loci are on chromosome 27. A separate study by Kanthaswamy et al (18) has demonstrated that alleles of these physically linked loci segregate independently, ie, there was no detectable linkage disequilibrium for these syntenic marker pairs.
Three different types of biological samples were typed to evaluate the 19-plex reagent kit. Fifty three liquid blood samples, representing 34 different dog breeds, were kindly provided by a West Sacramento veterinary diagnostic center. Eleven buccal samples, representing 7 different breeds, were collected from dogs throughout the state of California, primarily from the Los Angeles area, the San Francisco Bay area, and the Sacramento area. Plucked and shed hair samples were collected from 6 dogs, 4 of which had also provided buccal samples. A total of 67 dogs were typed during the duration of the study.
DNA from liquid blood samples was extracted using the Qiagen BloodMini kit following the kit's liquid blood extraction protocol (Qiagen, Hilden, Germany). DNA from buccal samples was extracted using the Epicenter® CatchAll (Epicenter, Madison, WI, USA) swabs according to the manufacturer's recommendations. Hair samples from 6 of the dogs were extracted using Epicenter QuickExtract DNA Extraction solution buffer (Epicenter) according to the manufacturer's instructions. Hair samples from 6 dogs were also extracted using an unpublished California Department of Justice Organic Extraction protocol, with the exception that an Amicon® Ultra-4 (Millipore Bedford, MA, USA) centrifugal filter was used instead of a Centricon®-100 (Millipore) filter. Five of the 7 dog samples were extracted using both methods.
Canine species specificity of the 19-plex was assessed by amplifying 5 ng non-canine DNA samples in duplicate. Non-canine DNA samples from various species were provided by the Jan Bashinski DNA Labaratory, Method Development Group of the California Department of Justice, Richmond, CA, USA. DNA was extracted from cat, pig, horse, cow, and chicken whole blood and quantified by an electrophoretic method in a 1% agarose gel containing ethidium bromide. Other previously quantified genomic DNA samples provided by the Jan Bashinski laboratory included: fish, monkey, rat (Zyagen Laboratories, San Diego, CA, USA), mouse (Promega, Madison, WI, USA), Bacillus subtilis, Staphylococcus epidermidis, Candida albicans (ATCC, Manassas, VA, USA), Escherichia coli, and Clostridium perfringens (Sigma, St. Louis, MO, USA) (19) . A human buccal sample was extracted using the Epicenter QuickExtract protocol (Epicenter). Five nanograms of DNA from each species' sample were amplified in duplicate using the canine STR reagent kit. The F-863 canine positive DNA control originating from a female Cocker Spaniel was provided in the reagent kit. Although stated on the tube that the canine control was a 1 ng/μL concentration, quantification with PicoGreen® (Invitrogen, Carlsbad, CA, USA) indicated that the control was at 0.1 ng/μL concentration.
Seventeen samples from a dog bite case were used for this study. Thirteen of the samples were single shed hairs found on the clothing of the victim. All shed hairs were extracted using the chelex extraction method. Four of the samples were saliva stains extracted from cuttings around tooth marks found in the victim's denim jeans. All saliva stains were extracted using Qiagen spin columns (Qiagen).
All DNA samples were quantified using Quant-iT PicoGreen® (Invitrogen). Prior to quantification, a solution was prepared containing 15 μL of PicoGreen® and 15 mL TE -4 buffer. One-hundred microliters of Picogreen® solution were added to dilutions of 4 μL DNA sample and 96 μL of sterile water in a fluoroplate. K562 human DNA standards (Invitrogen) for 5 ng/μL, 2.5 ng/μL, 1.5 ng/μL, 0.75 ng/μL, 0.25 ng/μL, and 0.0 ng/μL were also pipetted in aliquots of 4 μL into 96 μL of sterile water and combined with 100 μL of Picogreen solution in the fluoroplate. A Fluoroskan Ascent (Thermo Scientific) fluorometer was used to detect and compare the fluorescence values of the known standards and those of the samples to determine DNA concentrations.
All PCR amplifications were carried out using the canine STR reagent kit. Each reaction contained 9 μL of Primer Mix, 9 μL of Master Mix (containing a modified version of the Phusion TM Hot Start DNA Polymerase, Finnzμymes Oy), and 2 μL of DNA template. PCR conditions for the standard sample study, reproducibility study, sensitivity study, mixture study, peak height ratio/stutter percentage study, species specificity study and population study were: a 3-minute initialization step at 98°C, followed by 30 cycles of 3-step PCR (15 seconds of 98°C denaturation, 75 seconds of 60°C primer annealing step, 30 seconds of 72°C extension), and a final 5-minute extension at 72°C, as recommended by the manufacturer. The amplifications for these studies were performed on a GeneAmp® 9700 PCR thermocycler (Applied Biosystems). The Phusion polymerase makes use of double-stranded DNA binding domain (Sso7d) that is covalently linked to a Pyrococcus-like DNA polymerase domain (20) . The DNA binding domain increases the processivity of the DNA polymerase by approximately 10 times (20) . Unlike the Thermus aquaticus (Taq) polymerase, which is applied by all other STR typing kits, the Phusion polymerase also has 3' to 5' exonuclease activity (proofreading activity) that eliminates non-templated nucleotide additions during the PCR cycling process and makes the long final extension period redundant (21) (22) (23) .
The sensitivity of the canine 19-plex was assessed by amplifying varying amounts of template DNA. Samples from 2 different dogs were used for the study. DNA was extracted from whole blood samples from a Golden Retriever and an Akita using the Qiagen BloodMini kit (Qiagen). Serial dilutions of both samples (10, 5, 2, 1, 0.5, 0.25, 0.125, and 0.0625 ng) were amplified in duplicate (Figure 1 ). The serial dilutions were quantified using Quant-iT PicoGreen® (Invitrogen). All PCR products were diluted 1:10 prior to loading 2 μL of sample into 10 μL of 0.02% LIZ/formamide solution for detection on the 3130 Genetic Analyzer. This was done to reduce off scale data for the 10 ng template amplified samples.
For the reproducibility study, 5 canine International Society of Animal Genetics (ISAG) standards were obtained as pre-quantified genomic DNA samples (http://www.isag. org.uk/ISAG/all/ISAG2006_CompanionAnimals.pdf ). The samples were amplified and run at both the Molecular Anthropology Laboratory (MAL) at the University of California, Davis, CA, USA and at the Jan Bashinski DNA Laboratory. At the MAL, an Eppendorf Mastercycler epgradient thermocycler (Eppendorf ) was used to amplify the ISAG samples, and an AB 3130 Genetic Analyzer containing POP-7 (Applied Biosystems) was used to resolve the amplified fragments. At the Jan Bashinski DNA Laboratory, a GeneAmp® 9700 PCR thermocycler (Applied Biosystems) was used to amplify the samples and an AB 3130 Genetic Analyzer containing POP-4 (Applied Biosystems) was used to resolve the amplified fragments. All samples were amplified in duplicate. All sizes were calculated using a global southern method with the 75, 100, 139, 150, 160, 200, 300, 350, 400, and 450 bp LIZ peaks.
To assess the annealing temperature range of the canine 19-plex, DNA from 2 blood-extracted and one buccal-extracted samples were amplified on an Eppendorf Mastercycler epigradient thermocycler (Eppendorf, Hamburg, Germany) that creates an annealing tem- perature gradient across the plate head. Exact annealing temperatures tested with all 3 samples (in duplicate) were 56°C, 57.7°C, 58.5°C, 60°C, and 61.9°C. The Eppendorf Mastercycler thermocycler (Eppendorf ) was also used in the Reproducibility study using a 60°C annealing temperature. It is important to validate how performance prone a reagent kit is to variation in annealing temperature, because thermal cyclers may exhibit some variation between and within their thermal blocks. Amplification success of the entire suite of primers in the Finnzymes canine STR kit as a function of annealing temperature was investigated (Figure 2) . For this study, 3 DNA samples (from 2 bloods and 1 buccal swab) were amplified in duplicate. One microliter of PCR product was added to 10 μL of 0.02% LIZ/ Formamide solution for electrokinectic injection.
To determine the optimal number of cycles for the canine STR kit, PCRs (1 ng template in a 20-μL reaction) were carried out at 26, 28, 30, 32, and 34 cycles on a GeneAmp 9700 thermocycler (Applied Biosystems). DNA from 2 blood samples and one buccal sample was amplified in duplicate. The manufacturer (Finnzymes Oy) recommended 30 cycles for amplifying canine DNA. As expected, the overall signal intensity for most peaks increased with cycle number ( Figure 3 ).
For the peak height ratio (PHR) study, 61 different dog samples were amplified to calculate PHRs for heterozygous allele pairs. Only samples that amplified peaks exceeding 500 relative fluorescence units (RFU) were used in the calculations. The mean PHRs and standard deviation for each marker are listed in combined with 0.21 μL GeneScan-500 LIZ® Size Standard (Applied Biosystems) and 9.79 μL Hi-Di Formamide (Applied Biosystems) (10 μL of 0.02% LIZ/formamide solution) and pipetted into an injection plate. The plate was covered with Genetic Analyzer septa (Applied Biosystems) and the contents were thoroughly mixed and spun down. Samples were denatured at 95°C for 3 minutes then snap-cooled on a cold block for 3 minutes. A 5-second electrokinetic sample injection was performed with an injection voltage of 3 kV followed by a run voltage of 15 kV. The data collection software was set to detect G5 dye chemistry (see last footnote of Table 1 ). After collection, the data were analyzed with GeneMapper ID Version v3.2.1 Software (Applied Biosystems) using 50 RFU peak amplitude detection thresholds for all colors, excluding LIZ peaks which were set to a threshold of 100 RFU. Three standard deviations of the detectable "noise" RFU signal was used to establish the 50 RFU level of detection (LOD) of the ABI 3130xl instruments (Applied Biosystems) at the Jan Bashinski DNA Laboratory.
Three different types of peak balance were evaluated to assess the overall Finnzymes canine STR kit performance (15) and to identify possible primer pairs that amplify poorly in relation to the rest of the multiplex. Intracolor balance, intercolor balance, and PHRs were calculated using Microsoft Excel. Intracolor balance was calculated to assess the overall color balance within a dye lane. First, homozygous and heterozygous peaks within a dye lane had to be normalized; this was done by averaging the RFU values for each allele of heterozygous genotypes of polymorphic loci and by dividing the RFU of each homozygous peak by 2. The lowest normalized RFU value was then divided by the highest normalized RFU value and expressed as a percentage. Intercolor balance was calculated by first normalizing all of the loci peaks within a sample, then the lowest normalized RFU in the sample was divided by the highest normalized RFU in the sample (regardless of dye color) (15) . PHRs were calculated for heterozygous genotypes for all markers by comparing the RFU values for each allele and dividing the lower RFU value by the higher value. The ratio was multiplied by 100 to express PHR as a percentage.
RESUlTS AND DISCUSSIoN

Sensitivity study
For both the Golden Retriever and Akita samples amplified in duplicate, all peaks were detected when 10-0.125 ng of template DNA were amplified. In 1 of the 2 reactions using 0.0625 ng template DNA, the Golden Retriever sample exhibited a true homozygous peak at the FH2017 locus that was below the interpretational threshold of 50 RFU. In the duplicated Golden Retriever sample amplification, 1 of 2 heterozygous peaks at the FH2004 locus was below the interpretational threshold. All peaks were called (ie, RFU>50) for the duplicated Akita sample amplifications at every template amount (including the 0.0625 ng samples). Because a 1:10 dilution was made for all PCR products prior to loading on the Genetic Analyzer, on a separate injection plate, 1 μL of non-diluted PCR products was pipetted into 10 μL of 0.02% LIZ/formamide solution for all template amplification amounts. Similar peak dropout results were obtained when no PCR product dilutions were made; on average the 1:10 diluted samples had RFUs 52% of that of the non-diluted samples with a 9.7% standard deviation. When no PCR product dilutions were made, increased pullup artifacts were seen for the 10 ng template samples. Blue into green pull-up peaks ranged from 2031 to 3774 RFUs. Increased noise (peaks less than 50 RFU) were also present in the green and yellow dye channels for the 10-ng template samples and non-template adenylation (27.4% of the parent peak) was observed for marker FH2001 in the Akita sample. Blue into green pull-up artifacts were also seen for the 5-ng template samples. The off-scale and pull-up peaks indicate that 10 ng of high-quality DNA is too much template for the Finnzymes canine STR kit.
The PHRs for several markers (FH2328, FH2309, PEZ05, FH2010, vWF.X, FH3313, and FH2088) started to fall below 60% when DNA template amounts of 0.25 ng and below were amplified. Noticeable stochastic fluctuations were apparent for the FH2004 locus, which experienced allelic drop out in one of the 0.0625 ng amplifications; the other amplifications with 0.0625 ng (2 separate amplifications of the Akita sample and 1 amplification of the Golden Retriever sample) exhibited a PHR range between 41.5%-63.2% (n = 3).
To verify that the template amounts prepared in serial dilutions were the amounts used in the experiment, the diluted samples were re-quantified using PicoGreen®. The minimum Akita sample (0.0625 ng) was 0.01 fluorescent units higher than the Golden Retriever sample when quantified using K562 DNA standards. The 0.125-ng samples were quantified at the same fluorescent values, meaning the serial dilution precision for the Golden Retriever and Akita samples was better for the 0.125 ng-DNA template compared with the 0.0625 ng-DNA template dilutions. At 0.125 ng-template, the Finnzymes canine reagent kit was capable of detecting all profile peaks at >50 RFU (all but one peak at the FH2017 locus [63 RFU] was above 100 RFU) when no PCR product dilutions were made prior to adding sample to the LIZ/Formamide solution. This level of sensitivity is comparable with that of previous STR multiplexes developed. The "Meowplex" produces full STR profiles from 125 pg of template DNA (17) . The 3 canine STR multiplexes (MP1, MP2, and MP3) developed by Eichmann et al (13) are capable of producing full profiles from 100 pg for MP1 and MP3, and 250 pg for MP2. A similar input DNA template range of 0.5-1.25 ng is also seen for the Identifiler® kit (15) . However, a significant difference is that the Finnzymes canine multiplex includes a total of 19 markers, while the largest number of markers co-amplified in the other abovementioned studies was 15.
Reproducibility
As expected, the samples resolved with POP-7 migrated more rapidly through the 3130 capillary (75 bp LIZ peak resolved at ~ 1500 data points) compared with the samples resolved with POP-4 (75 bp LIZ peak resolved at ~ 2600 data points). However, more importantly, variations from 2-5 bp in size occurred between ISAG samples run at the different laboratories. Therefore, normalization of results is imperative for effective data comparison (24) .
A binning program called Flexibin (25) was used to determine allele calls for the ISAG and kit provided positive control samples run at the different laboratories. Each set of data from the University of California and the Richmond DNA laboratory were analyzed separately with the Flexibin software. The canine control DNA included in the kit was used to calibrate the allele sizes observed. DNA amplification products from duplicate PCRs of the control animal sample subjected to electrophoresis at different time intervals demonstrate the reproducibility and precision of the assay within a particular laboratory (see "Run to run sizing;" http://www.cstl.nist.gov/biotech/strbase/). The level of reproducibility and precision might suggest that there is no need for an allelic ladder in inter-laboratory and within laboratory comparisons. However, these samples were typed in close time proximity. Due to the presence of only 1-2 alleles per locus, calibration may be inaccurate when manually comparing the binned data with the national canine allele database, particularly if the alleles of a locus span a large size range (18, 26) . The entire data set of raw and binned alleles used in their study is available at http:// www.cstl.nist.gov/biotech/strbase/.
Eventually, an allelic ladder would mitigate the effects of migration variations between laboratories. Accurate concordance data (binned within 1 bp) are difficult until the allelic ladder is fully developed and utilized in subsequent analyses. Currently, a canine allelic ladder is being developed for the Finnzymes canine reagent kit, but without the use of a ladder, comparison of genotyping results between laboratories may be difficult.
Intracolor and intercolor balance
The intracolor balance percentages were calculated for 61 samples. Products in the red channel consistently had the best intracolor balance at 45.18% with a standard deviation of 12.85 (n = 61) among the loci. All other dye colors had the following intracolor balances: green -32.77 ± 10.5%, blue -33.63 ± 14.18%, and yellow -38.69 ± 12.92%. For comparison, the amplification of non-degraded and uninhibited samples of human DNA using the Identifiler® kit was reported to attain an average intracolor balance of 50% or higher (15) . Intercolor balance for 61 samples was estimated to be 21.97 ± 7.67%, which is within the lower range of intercolor balance for the Identifiler® kit (20%-40%). Certain loci tended to have the lowest normalized RFU values within dye colors ( Table 3 ).
The loci that exhibit the lowest or highest normalized RFU values are possible candidates for further primer concentration studies to improve intracolor and intercolor balance. In the blue channel, locus FH2017 demonstrated the lowest RFU value for 36 out of 61 samples, followed by locus FH2309, which had the lowest RFU value for 16 samples. The low RFU values for locus FH2017 might be partially explained by a suspected primer binding site mutation. The Zinc Finger locus usually exhibits the highest RFU value within the blue channel, but locus FH2017 also had the highest RFU value in 11 samples (presumably there is no primer binding site variant in these samples). By removing locus FH2017 from the intracolor balance calculations, an intracolor balance of 50.44 ± 13.94 was obtained for the blue channel. If the primer binding site mutation and overall peak signal for FH2017 can be addressed, then it is possible to increase the intracolor balance for the blue dye channel.
The locus with the lowest RFU value in the green channel is PEZ05. In well-balanced primer mixtures, primer pairs that produce the smallest PCR product lengths would be expected to produce the highest RFU signal because the polymerase is more efficient for amplifying smaller products (27) . Because locus PEZ05 (the smallest PCR product in the green channel) exhibits the lowest RFU value, the current primer pairs for locus PEZ05 are not performing optimally with the other primers in the same dye channel. Interestingly, 3 different markers (FH2001, FH2004, and FH2361) competed for the highest RFUs in the green dye color. When the RFU values for locus PEZ05 are removed from the intracolor peak balance calculations, the balance for the green channel greatly improves to 70.45 ± 16.86%. Thus, if the signal from locus PEZ05 can be increased in relation to the other markers labeled in green, the intracolor balance can be improved.
For the yellow channel, locus FH2107 tends to produce the lowest normalized signal while locus FH2054 produces the highest signal, the difference being 1000-1700 RFU. By removing FH2107 from the intracolor calculations for yellow, the balance becomes 51.49 ± 16.20%; if the peak intensity of locus FH2107 can be addressed then the balance in the yellow channel can be improved.
The red channel exhibits the best averaged intracolor balance of 45.18%. Loci FH2088 and FH3313 tend to produce the lowest RFU signal, 1000-2000 RFU lower than normalized peaks produced by locus FH2010 (with the highest RFU peaks). When locus FH2010 is excluded from the balance calculations, intracolor balance is improved further to 54.60 ± 17.16%. By either increasing or decreasing the signal of loci creating either the lowest or highest RFUs respectively, it is possible to obtain intracolor peak balances greater than 50%.
Amplification -annealing temperature
The best overall intracolor balance occurred at 60°C, with average color balances being 42. 
Amplification -number of cycles
To determine the optimal number of cycles for the canine STR kit, PCRs (1 ng template in a 20 μL reaction) were carried out at 26, 28, 30, 32, and 34 cycles on a GeneAmp 9700 thermocycler (Applied Biosystems). DNA from 2 blood samples and one buccal sample was ampli- *Trends in overall normalized peak intensity for each marker in the canine short tandem repeat kit were investigated because the intracolor balances for each dye channel were fairly low (ranging from 32.77 ± 10.5% for the green dye channel to 45.18% ± 12.85% for the red dye channel) in comparison with other commercial kits like Identifiler® (which has intracolor balances for all colors 50% or higher).
fied in duplicate. The manufacturer (Finnzymes Oy) recommended 30 cycles for amplifying canine DNA. As expected, the overall signal intensity for most peaks increased with cycle number (Figure 3) .
Four of the 6 amplifications did not yield product at locus FH2017 after only 26 PCR cycles, but all other cycles provided peaks above 50 RFU. The best overall intracolor and intercolor balances were seen at 28 and 30 cycles. At 34 cycles, certain loci had considerably higher signal than others. Peaks for the Zinc Finger, FH2017, FH2088, FH2010, and vWF.X loci had the highest signals (5000-8000 RFU), while most other peaks had signals below 2000 RFU. There is no apparent reason why these specific markers showed higher intensity peaks at 34 cycles, although certain markers (Zinc Finger, vWF.X, and FH2010) did have higher average RFU values in the PHR study of 61 animals, with 4271 RFU for Zinc Finger, 3362 RFU for vWF.X, and 3687 RFU for FH2010. Most other markers had average peak heights between 1032 RFU (PEZ05) to 2874 RFU (FH2001). There also is not a clear correlation between the markers with higher intensity peaks at 34 cycles and the sensitivity study.
No shouldering from non-template nucleotide addition was seen at any of the cycle numbers tested, as expected because unlike Taq polymerase, Phusion Polymerase has 3' to 5' exonuclease activity that removes the non-templated nucleotide additions.
Peak height ratios (PHRs)
PHRs (excluding locus FH2017 and Zinc Finger) averaged between 78.57 ± 12.12 to 96.14 ± 4.12. The FH2017 locus exhibited a standard deviation in PHR over 3 times that of the locus with the next highest standard deviation in PHR. Also, the low heterozygosity (0.49 for n = 61) for locus FH2017 in relation to other markers in the panel may suggest a primer binding site mutation causing allelic imbalance. Across 13 breed categories of dogs, this locus exhibited a highly significant departure from Hardy-Weinberg expectations (P < 0.01) (18) . Another indication of a primer binding site mutation is the increase of PHR for locus FH2017 with a decrease in annealing temperature (27) . As an example, a sample from a Labrador Retriever used in the annealing temperature study exhibited this phenomenon ( Figure 4) . Eleven other samples also produced low PHRs ranging from 22.41% to 8.32%. One solution to address low peak signal caused by primer binding site mutations is to design a degenerate primer for locus FH2017 to add to the PCR (27, 28) . The primer binding regions for animals demonstrating FH2017 binding mutations should be sequenced to determine the location and base composition of the mutation. Because both intracolor and intercolor balance is poor at 56°C, reducing the stringency of the PCR by reducing the annealing temperature is not a feasible option.
The Zinc Finger locus had a lower PHR average (51.20 ± 7.29) with the male specific peak ( ~ 164 bp) amplifying 1000-2000 RFU less than the X specific peak ( ~ 159 bp). All samples that contained sex information about the donor animal were typed correctly by the Zinc Finger locus (n = 67).
Stutter percentages
The stutter percentages were calculated by dividing the RFU value of the stutter peak (n-4) by the RFU value of the parent peak (n). Only parent peaks that were equal to or greater than 1000 RFUs were used for the study. Peaks with a heterozygous allele in the n-4 stutter position were not used to determine the mean stutter percentages for the locus. Table 4 is a summary of n-4 stutter percentages for all loci excluding Zinc Finger. Locus PEZ17 contained both n-2 and n-4 stutter peaks. The average n-2 stutter percentage for the PEZ17 locus was 12.10% with a standard deviation of 3.59% (n = 75). There were stretches of CT repeat regions in the amplified product of the PEZ17 locus that may explain the presence of n-2 stutter. Locus FH2309 sometimes exhibits n+4 stutter peaks (n = 3). The height of the FH2309 parent peak was typically above 2000 RFU when n+4 stutter was seen, with one exception of a parent peak at 900 RFU that contained an n+4 stutter artifact. In all cases, n-4 stutter was present in the 3 samples containing n+4 stutter peaks, and the n+4 stutter percentages for all animals ranged from 3.9% to 4.6%. For the heterozygous animals with n+4 stutter present, it is unlikely that the extra peak in the n+4 stutter position is the result of a tri-allelic pattern, but sequencing of these animals may better explain the nature of the 3-peak pattern.
Artifacts (dye blobs)
Several artifacts were seen in the reagent blanks and in samples containing peaks with low RFU values. An artifact at ~ 123 bp is seen in the blue dye channel, at ~ 117 bp in the green channel, at ~ 96 bp in the yellow channel, and at ~ 112 bp and ~ 118 bp in the red channel. The artifact in the yellow channel sometimes interferes with the allele calls in marker PEZ21 if the peak height for the allele is at or below 100 RFU.
Mixture study
A binning program called Flexibin (25) was used to determine allele calls for the animals of the mixture study (18) . The "Repeats" column is not an accurate reflection of how many tetranucleotide repeats are present in the actual PCR product but the values are operationally defined. Based on this binning method the operational allele lengths were determined for the mixture ratio (Table 5) .
Two genomic canine samples were mixed in the following proportions so that the total DNA input for each reaction was 1.0 ng: 20:1, 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10, and 1:20. The loci in Table 5 were selected because the alleles from both mixed samples were non-overlapping. The minor component robustly amplifies (all peaks above 50 RFU) at a 1:5 mixture ratio. This may be partly due to lower intracolor balances across all dye channels. The Identifiler® kit typically has an intracolor balance of 50% for all color channels when samples are not degraded or inhibited, which may explain the typing kit's ability to robustly amplify the minor component in mixture ratios of 1:10 (15). Better detection of minor component DNA in canine mix- tures might be attained if the intracolor balance were improved.
overlapping marker size ranges
Size range overlap among loci was detected in the electropherograms of 67 different California dog samples. A marker range overlap of 14 base pairs occurred between the FH3377 and FH2107 loci in the Akita sample from the sensitivity study. The overlap was only detected because marker FH3377 appeared to contain no peaks, while marker FH2107 had 3 peaks. Also, the 3 peaks in the FH2107 marker range were composed of 2 peaks that are of significantly less intensity than the third peak which was closest to the FH3377 size range determined before the mixture study. Of 67 animals, the Akita sample was the only example of an allele size in the FH3377/FH2107 overlapping region. The analyst should be cautious when making an interpretation of an allele in the overlapping range for loci FH3377 and FH2107 because both markers contain an allele ~ 295.6 bp. Otherwise, the FH3377 locus is a pentanucleotide repeat and locus FH2107 is a tetranucleotide repeat; all other alleles that type in the overlap region should be more easily distinguished with the binning properties of the different length repeat motifs (unless a partial repeat occurs, which is not common). Another overlapping allele range is between markers FH2004/FH2361 that share a 3-4 base pair overlap, but perfect repeat allele bins in both marker ranges are offset by one base pair from each other.
Microvariants seen in FH3313 and FH2361
Three animals typed in this study exhibited a microvariant allele for locus FH2361. One animal had heterozygous alleles 1 base pair apart and 2 other animals had heterozygous alleles 2 base pairs apart. The peaks that were a single base pair apart were resolved clearly. Five animals contained microvariant alleles in the FH3313 locus. Three animals contained well resolved FH3313 microvariants which appeared to be 2 base pairs apart, but 2 other canine samples had broad peaks. The samples containing broad peaks were confirmed by a second amplification and 2 separate injections ( Figure 5 ). The morphology of these peaks might be caused by STR alleles of the same length on either autosomal chromosome containing slightly difference sequence variations from each other, causing different migration rates during electrophoresis (25, 29) . Microvariants were also observed at loci FH2107, FH2309, and FH3377 when an independent larger sample set of 667 dogs was analyzed (26). 
Species specificity
Several peaks were observed when DNA samples from chicken, mouse, rat, horse, cow, pig, cat, fish, and monkey were typed ( Figure 6 ). Only low level peaks below 100 RFU were present for both amplifications with rat and fish DNA. Peaks below 100 RFU were seen in one of 2 amplifications of pig DNA. Most peaks fell outside of the canine allele size ranges. Using the Flexibin program and offsetting the allele sizes using the positive control sample, a few peak sizes were close to canine allele positions. To better assess whether these peaks truly fall into a canine allele bin, the various non-canine species (fish, pig, rat, cat, mouse, chicken, and monkey) should be run again with an allelic ladder, once it is developed, and it may also be worthwhile to perform mixture studies between canine and non-canine samples. Subsequent BLAT and BLAST searches of the 19 sets of primers revealed that some primers had 95%-100% identity with the genomic information for certain species (Table 6) . No 2 primers (forward and reverse) for a locus had such high homology. Primers for the FH2361R, vWF.XF, and FH2017F loci have the most homology with a number of non-canine species. The PEZ17R primer has 100% identity with 100 locations in the cat genome. But, the primer binding sites discovered with the BLAT and BLAST searches for the 19-plex primers do not assess the possibility for non-target binding of the 3' end of the primers. For instance, primer binding to chicken, cow, and pig samples was not confirmed by searching for similar DNA sequences between the Finnzymes 19-plex primer panel and the genome information available on the BLAST and BLAT Web sites. Similarly, several canine primers shared 95%-100% homology with multiple locations in the human genome, but amplification peaks were not present in duplicate 19-plex reactions of human DNA (data not shown); so the ability to assess cross-reactivity of a primer to a particular genome is not always possible with a BLAST or BLAT search. Also, none of the peaks exhibited in any of the non-canine species appeared to exhibit the morphology of STR products (all peaks above 500 RFU lack stutter peaks), which could be helpful in evaluating if non-canine species amplification has occurred in a DNA mixture. Of course, species cross-reactivity does not make a kit unreliable. It is important to perform such studies to better understand the limitations of an assay. No full 19 locus profile was observed with any of the above mentioned species.
The Finnzymes canine STR kit amplified reproducible STR profiles in 5 wolf (Canis lupus) samples (Figure 7 ), as would be expected given the evolutionary history of the domes- tic dog and wolf (2) . The peaks obtained in wolves were concordant with the allele spectrum of the domestic dog for each locus. Indeed, STR loci are well-known to crossamplify even among more genetically differentiated species than the dog and wolf (30) . For example, the Identifiler® kit developed for human profiling generates partial profiles for other primate species (chimpanzee, orangutan, macaque, and gorilla) (15) and the "Meowplex" generates PCR products for ocelot and puma samples (17) .
Case-type samples. Samples from a recent dog attack were amplified in duplicate using the Finnzymes 19-plex. Sample numbers 1 through 13 were single shed hair samples found on a sweat shirt and samples 14 through 17 were saliva stain samples found on the victim's sweatshirt. All samples were quantified at levels below 0.1 ng/μL, the limit of detection for the Fluoroskan Ascent (Thermo Scientific) when using the PicoGreen® (Invitrogen) quant method. Two microliters of sample was amplified for each reaction. Although not recommended for routine casework, the detection threshold was lowered to 25 RFU for all colors to collect as much data as possible (Table 7) . Using the California Department of Justice casework peak threshold standards, only peaks called above 50 RFU were considered "alleles, " and single peaks at a locus above 200 RFU were considered a homozygous genotype for the random match probability calculations. A 10-second injection time at 3 kV was used while running the sample on the ABI 3130CE. Table 7 presents a combined summary of the peaks called from duplicate PCRs; all alleles are described as "raw" lengths in bases. Many of the case work samples had peaks below 50 RFU and many markers only had a single peak called, possibly indicating peak drop-out due to low input DNA amounts amplified in the PCRs. The detection threshold was initially lowered to 25 RFU to determine if low input DNA peaks were present, but interpreting these peaks may be difficult due to stochastic effects and the possibility of allele drop-in due to low copy number DNA being amplified (27, 28, (31) (32) (33) .
Samples 8 and 13 had 3 peaks in the marker range for PEZ17, some of which were below 50 RFU. Sample 8, a single shed hair extracted using the Chelex method, provided the best profile overall with the most peaks called above 50 RFU. Hair samples tend to have low levels of nuclear DNA; additional technical modifications will be required to amplify samples below 0.125 ng, such as increasing the cycle number and investigating alternative extraction protocols for telogen hair samples (31) (32) (33) . Based on the positive control sample run on the same injection plate as the non-probative samples, sample 8 allele calls were obtained by binning (for peaks above 50 RFU, Table 8 ).
Assuming independent segregation of loci and using a conservative Fst value of 0.09 [The Fst and the allele frequencies were determined from a 667 animal population study from canines across the United States (18), the random match probability for the sample 8 profile was calculated at 1.00 × 10 −17
. Two saliva stain samples (14 and 17,) provided partial profiles containing peaks from 10 and 12 loci, respectively. Using the Fst value of 0.09, the random match probability for the sample 14 profile was and 3.18 × 10 As seen in Table 7 , the sex typing marker (Zinc Finger) had varying success when typing telogen hair samples. Of the 10 hair samples that had amplified peaks, 3 samples typed X and Y associated peaks, but one of those samples did not type the Y peak above 50 RFU. Four hair samples only had the X peak type above 50 RFU and 3 samples had X peaks below 50 RFU but above 25 RFU. As seen with the PHR study, the ~ 159 base X peak types at much higher RFUs (typically 2 times higher) than the ~ 164 base Y peak in male canines and therefore seems to amplify more robustly at input DNA levels below 125 pg. This was 
Positive control animal
It was noted during the validation that positive control sample (F-863) provided with the canine multiplex had a concentration of 0.1 ng/μL instead of the 1 ng/μL reported on the tube. Two different tubes of F-863 were quantified with PicoGreen® in triplicate (for a total of 6 separate quantifications of the positive control sample.) All 6 quantifications yielded a 0.1 ng/μL concentration. Interestingly, the positive control F-863 produces a profile that contains 3 peaks for marker FH2328 (Figure 8 ). To confirm that the third allele is attributed to locus FH2328 and not a third allele due to allele overlap with neighboring loci PEZ05 and FH2001, singleplex reactions were carried out. In triplicate reactions, 4.5 μL of each of the forward and reverse primers (500 nm total) were combined with 9 μL of the Finnzymes Reaction Mixture and 2 μL of each singleplex. Based on these results, the positive control animal contained a single peak at ~ 100.4 bases for locus PEZ05, the FH2001 locus contained 2 peaks at ~ 128.01 bases and ~ 144.8 bases, and the FH2328 locus contained 3 peaks at ~ 169.9 bas- es, ~ 201.6 bases, and ~ 205.5 bases. In 2 of the 3 amplifications, the FH2328 locus had a third peak at ~ 201.6 bp. All of the amplifications of the positive control animal were performed using only 0.2 ng of DNA in a 20-μL reaction. Possible stochastic fluctuations from amplifying less than the ideal template amount of 1 ng may explain why the third peak was only seen in 2 of the 3 single plex amplifications using the FH2328 primers. All of the amplifications of the positive control animal using the Finnzymes 19-plex throughout the validation (n = 13) contained 3 peaks. This third FH2328 peak could possibly be an artifact peak generated from the 19-plex or it could be a tri-allelic pattern inherent to the cell line used for the positive control, with the latter explanation being more likely.
The Zinc Finger sex typing marker successfully typed the positive control animal as female in all ten amplifications. Typically, the ~ 159 bp X peak was the highest peak in the blue color channel for the positive control.
CoNClUSIoNS
DNA extracted from blood and buccal cells can reliably produce full profiles when amplified with the canine STR kit. The multiplex is able to type 0.125 ng of DNA template in a 20 μL reaction volume and obtain full profiles. Furthermore, the Finnzymes multiplex has a high level of sensitivity, ability to detect low level mixture ratios, and power of discrimination while amplifying case-type samples comparable with those of other forensic typing systems.
The overall PHRs for most markers (excluding the Zinc Finger and FH2017) ranged between 78.57 and 96.14%. Intracolor balance was not as robust as in Identifiler® (between 32%-45% depending on color channel); Intercolor balance was 22%, averaged over 61 samples evaluated. These lower values are due to 1 or 2 loci per color yielding too low or too much product. To obtain better intracolor balance, increasing the signal of markers that tended to produce the lowest RFU values per color (FH2017, PEZ05, FH2107, and FH2088) and reducing the signal in markers that tended to generate the highest RFU values (FH2010, Zinc Finger, and FH2054) could be investigated.
The proposed reagent kit is also capable of genotyping wolf (C. lupus) samples, which can be useful in wildlife population and conservation studies. Certain primers had high sequence homology with non-canine species, but this should not be problematic. The FH2017 forward primer has 95%-100% homology to numerous locations in the horse, human, and rhesus monkey genomes. Also, it is probable that the primers designed for locus FH2017 bind to a region of DNA that contains primer binding site variants, which is apparent in the large standard deviation for the PHRs calculated. A degenerate primer could be added to the reaction to improve performance. The positive control animal sample provided in the kit is at a lower concentration (0.1 ng/μL) than what is reported on the tube (1 ng/μL). Three peaks were seen in locus FH2328 for the positive control. This peak could be a tri-allelic pattern associated with the cell line used for positive control F-863.
Only the positive control sample exhibited this 3-peak pattern at locus FH2328.
In conclusion, the Finnzymes 19-plex holds excellent promise as a tool for routine forensic casework involving canine DNA. The data presented in this validation study should prove highly useful for the forensic science community as well as for the manufacturer of the kit in order to make final modifications so that the kit will meet the needs and requirements of the DNA forensic science community.
